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I. INTRODUCTION 

It has been known t h a t  e l e c t r i c a l  energy i s  generated within the animal body. 

However, because of the r e l a t i v e l y  low leve l  of power produced no p r a c t i c a l  

u t i l i z a t i o n  of these b i o e l e c t r i c  p o t e n t i a l s  had been contemplated other  than f o r  

diagnost ic  purposes, i. e. electroencephalograms, electrocradiograms, electromyo- 

grams. 

Recent advances i n  micromidturized electronic  c i r c u i t y  have r e s u l t e d  i n  the 

a p p l i c a t i o n  of t r a n s i s t o r s  and tunnel diodes with the at tendant  important reduction 

i n  power requirements. Hence, the  inves t iga t ion  of the b i o e l e c t r i c  p o t e n t i a l s  as 

a possible  power source f o r  t h i s  c l a s s  of e lec t ronic  devices has  become much more 

promi sing. 

I n  1962 a study of the u t i l i z a t i o n  of the b i o e l e c t r i c  po ten t i a l s ,  as derived 

from anes the t ized  rats, was undertaken a t  the Space Sciences Laboratory of the  

General E l e c t r i c  Company and continued under NASA Contract NAS2-1420 (Ref. 1). 

This work r e s u l t e d  from an i n v e s t i g a t i o n  aimed a t  the e luc ida t ion  of the emf derived 

from the  a c t i v i t y  of microorganisms and w a s  i n i t i a l l y  described by Reynolds (2). 

Additional a c t i v i t y  i n  t h i s  study area  resul ted i n  the i n v e s t i g a t i o n  of 

e l e c t r i c a l  mater ia l s ,  anatomical s i t e s ,  means f o r  increasing the output and long 

term implants. This paper descr ibes  the r e s u l t s  of these inves t iga t ions .  

11. PREVIOUS WORK 

Pinneo and Kesselman (3) have reported that they have been ab le  t o  power an 

FM t ransmi t te r  by i n s e r t i n g  two steel  electrodes i n t o  the b r a i n  of a ca t .  The 

t ransmi t te r  has  an energy input  requirement of 0.5 microamps a t  40 microwatts. 

b n g  (4) presented an in tens ive  study of these b i o l o g i c a l  energy sources: bio-  

l og ica l  p o t e n t i a l s  and chemical gradients ,  blood pressure and flow, muscular 

a c t i v i t y  and motion, and concluded t h a t  the las t  named might have a more immediate 
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app l i ca t ion .  Konikoff and Reynolds (5) extended t h e i r  s tud ie s  of biochemical f u e l  

ce l l s  t o  the whole animal by analogous thinking. 

container  of e l e c t r o l y t e s ,  numerous semipermeable membranes, and d i f f e r e n t  t i s s u e s  

which metabolize d i f f e r e n t l y ,  thus  permit t ing a chemical gradient  t o  ?x i s t ,  i t  

becomes necessary t o  add a c a t a l y t i c  agent and a n  e l e c t r o n  c o l l e c t o r  (electrode) 

t o  cons t ruc t  a " l iving f u e l  cell". 

by measuring the  electrical  output when two meta l l i c  e l ec t rodes  were placed i n  the  

same o r  d i f f e r e n t  anatomical l o c i  of anesthetized rats. 

By considering the  body as a 

To test t h i s  t h e s i s ,  experiments were conducted 

Reynolds r e s u l t s  from these preliminary experiments indicated t h a t  an  appreci-  

a b l e  emf w a s  produced. 

measured over s h o r t  periods of t i m e ,  using a s t a i n l e s s  steel/platinum-platinum 

black e l ec t rode  system. The platinum-platinum black (PPB) electrode was located 

wi th in  t h e  abdominal c a v i t y  and the  s t a i n l e s s  s t e e l  (SS) e lec t rode  w a s  i n s e r t e d  

beneath t h e  skin. Under an  impedance of 10,000 ohms r e s u l t i n g  from a s p e c i a l l y  

designed o s c i l l a t o r ,  a voltage of 0.35 V t o  0.40 V w a s  obtained. 

Values ranging up t o  240 mv a t  480 p a  (115 PW) were 

A receiver equipped with a loudspeaker picked up the  s i g n a l  generated by the 

o s c i l l a t o r  a t  500 kc and broadcast a loud, clear s c ~ ~ d  &en located a t  a d i s t ance  

of approximately 25 f e e t  from the  ra t  and o s c i l l a t o r .  Figure 1 from Reference 1 

i l l u s t r a t e s  t he  r a t / o s c i l l a t o r  hook-up and shows the  t ransmit ted s i n e  wave as pre-  

sented on t h e  oscil loscope. 

The output from the  b i o e l e c t r i c  p o t e n t i a l  and appl ied as described above i s  

a t t r i b u t e d  t o  t h e  n a t u r a l  d i f f e rences  i n  oxidation-reduction p o t e n t i a l s  which 

exis t  i n  d i f f e rence  p a r t s  of t he  anatomy and are enhanced by the  use of one 

e l ec t rode  containing Pt  -black which i s  a well-known c a t a l y t i c  mater ia l .  
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111. EXPERIMENTAL STUDIES 

a. Methods 

1. 

200 grams. 

because of t h e i r  l a rger  s ize .  These animals were anesthet ized with nembutal 

during the s u r g i c a l  procedure f o r  the implant and then permitted t o  recover under 

norma 1 laboratory care.  

2. A narrow category of mater ia l s  was selected f o r  inves t iga t ion .  These e l ec -  

trode candidates were chosen because of t h e i r  b io logica l  iner tness .  

t o t a l  of about f o r t y  (40)  combinations were invest igated a t  the same time, i t  

became necessary t o  s e l e c t  one o r  two mater ia ls  as a "standard" inasmuch as an 

evaluat ion of anatomical l oc i  w a s  a l s o  of i n t e r e s t .  To t h i s  end a high speed s t e e l  

(HSS)/platinum-platinum black (PPl3) e lectrode system w a s  se lec ted  based upon the 

apparent maximum output achieved with t h i s  combination. 

3.  

not considered i d e a l  f o r  long-term implantation of metallic electrodes.  Such 

s i t e s  as i n t e s t i n e ,  rectum, abdominal cav i ty ,  bone, muscle, and the subcutaneous 

region were t e s t ed  i n  pa i r s .  

c a v i t y  and the HSS subcutaneously. 

4 .  

long-term implant s tud ie s  were conducted. 

and a c t i v e  e lec t rode  systems. 

implantation of representa t ive  electrode mater ia l  only. 

s tud ie s  involved implanting an energy draining m a t e r i a l  ( r e s i s t o r )  i n  p a r a l l e l  

with the electrodes.  

I n i t i a l  s tud ie s  were conducted on anesthetized rats weighing approximately 

Rabbits and dogs were f i n a l l y  used f o r  long term implantation s tud ie s  

I n  a l l ,  a 

Organs such as l i v e r ,  brain,  and stomach were not t e s t ed  because they a r e  

For example, the PPB was  placed i n  the abdominal 

To determine the i n t e r a c t i o n  between the implanted electrode and the hos t ,  

Experiments were made with both passive 

The passive electrode s tud ie s  e n t a i l e d  the  su rg ica l  

Ihe ac t ive  electrode 

3 



b. Resul ts  

1. Electrode - E l e c t r i c a l  Charac t e r i s i t c s  

Table I presents  the  r e s u l t s  of the m a t e r i a l  screening inves t iga t ion  as 

measured on an anes the t ized  rat. 

under t rade  names a r e  shown on Table 11. 

means. F i r s t ,  i t  became apparent e a r l y  i n  the s tudy t h a t  the abdominal region was 

a f o r t u i t o u s  choice because when coupled with a subcutaneous s i t e ,  the  e lec t rode  

p a i r  produced the  g rea t e s t  d i f fe rence  i n  poten t ia l .  

i s  large enough t o  accommodate e lectrodes.  The second r e l a t e d  t o  the measurement 

of t he  vol tage  under load. It was  es tabl ished as standard t h a t  comparison values  

were t o  be taken a t  a r e s i s t ance  of 10,000 A. %us, computations of power output 

could be compared with one another d i r e c t l y .  

The compositions of those ina te r ia l s  which are 

The experiments were s tandarized by two 

Also, the  abdominal c a v i t y  

Several  measurements shown on Table I are not the  r e s u l t  of a 1 0 K n  loading. 

This i s  because the values  a t  the  standard res i s tance  were i n s i g n i f i c a n t .  

Examination of the  r e s u l t s  i n d i c a t e  tha t  the  g rea t e s t  output (with no t i s s u e  

i n t e r a c t i o n )  i s  derived from a high-speed steel-platinum/platinum black e lec t rode  

combhation. 

of 0.54 v. Figure 2 i l l u s t r a t e s  s eve ra l  e lectrodes.  

At a 10Kn r e s i s t ance ,  sn outptrt of 29,2 p w  r e s u l t s  a t  a vol tage  

Manganese s t e e l  produced a higher  output but caused adverse t i s s u e  r e a c t i o n  

i n  t h e  animal. The amalgamated mater ia l s ,  i .e .  Ag, Hg, Pb, when coupled wi th  PPB 

also r e su l t ed  i n  s u b s t a n t i a l  outputs  (approximately 50-75 percent of t h a t  obtained 

with the  HSS), 

amalgam, i t s  formation i n t o  an e lec t rode ,  and the  attachment of a lead wire.  

Consequently, t h i s  class of mater ia l s  w a s  a l so  eliminated. 

However, g rea t  d i f f i c u l t y w a s  experienced i n  the  preparat ion of the 

I n  the  following sec t ions  of t h i s  paper, i t  w i l l  be seen the re  i s  an incon- 

s i s t ency  i n  the output measurements using the HSS and PPB e lec t rode  combination. 
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'Ihis l ed  t o  a study t o  determine the cause and recommended correct ion.  

great  ca re  had always been exercised in so fa r  a s  dupl icat ing the  physical  dimensions 

and c h a r a c t e r i s t i c s  of the electrodes,  t h i s  possible cause w a s  eliminated. 

HSS e lec t rode  w a s  a l s o  eliminated from consideration because of i t s  obvious 

s t a b i l i t y .  

between two screens of platinum gauze w a s  subjected t o  examination. 

r e s u l t s  ind ica ted  t h a t  v a r i a t i o n s  i n  the open circuit vol tage r e s u l t e d  when 

d i f f e ren t  PPB e lec t rodes  were coupled with one HSS electrode. 

Since 

The 

Therefore, the PPB containing a th in  f i l m  of platinum black sandwiched 

Preliminary 

V i s u a l  examination of the PPB indicated a v a r i a t i o n  i n  c leanl iness  and 

s t r u c t u r a l  i n t e g r i t y  of the platinum black. 

be made t o  determine whether v a r i a t i o n s  i n  output r e s u l t e d  from electrode mater ia l  

o r  from unclean o r  chemically spent electrodes.  an experiment was conducted i n  

which severa l  c leansing techniques were applied t o  the electrode.  Comparisons 

of the  OCV r e s u l t i n g  from new and reused but cleaned PPB electrodes demonstrated 

conclusively t h a t  the output v a r i a t i o n s  noted previously r e s u l t e d  from improper 

cleaning. 

the PPB i n  HC1 u n t i l  ready f o r  implantation at which time the electrode i s  washed 

i n  d i s t i l l e d  water. 

In  order  t h a t  a r e a l i s t i c  evaluat ion 

'Ihe recommended cleaning procedure consis ted of bathing and s to r ing  

It i s  i n t e r e s t i n g  t o  note tha t  the  v a r i a t i o n  i n  output r e s u l t i n g  f r o n  unclean 

PPB e lec t rodes  i s  only apparent when the electrode is removed from a t e s t  animal 

and then r e i n s e r t e d  without adequate cleaning. 

t a t i o n  and the normal post operat ive recovery period. 

t o  understand t h a t  the v a r i a t i o n s  are the  r e s u l t  of experimental use, frequent shor t -  

term implantations r e s u l t i n g  i n  the formation of a b a c t e r i a l  surface contamination 

when the electrode removed and s tored i n  the a i r  o r  water,  and not because of a 

degradation of the  c a t a l y t i c  a c t i v i t y  of the  platinum black. 

No v a r i a t i o n s  occur a f t e r  implan- 

Consequently, i t  i s  important 
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2. Electrodes - Anatomical Loci 

The i n i t i a l  s i t e  selected f o r  the electrodes,  the abdominal c a v i t y  and sub- 

cutaneous,has been demonstrated to  r e s u l t  i n  the maximum output with the  m i n i m u m  

animal discomfort and reaction. The se lec t ion  w a s  fo r tu i tous  and was based pri- 

marily on the f a c t  t ha t  space w a s  ava i lab le  abdominally. Additionally the 

loca t ion  made f o r  surg ica l  neatness. 

as w a s  the r e s u l t  of revers ing the electrodes from t h e i r  i n i t i a l  pos i t ion  and a l s o  

the  placement of theelectrodes i n  a s ingle  anatomical locus. 

the r e s u l t s  of these  experiments. 

However, severa l  o ther  s i t e s  were inves t iga ted  

Table 111 present 

O f  p a r t i c u l a r  i n t e r e s t  was experiment 'i' shown on Table IIIc. Figure 3 

i l l u s t r a t e s t h e  animal shor t ly  a f t e r  the surgical  procedure. After  a post operat ive 

period of e ight  days, the voltage had dropped t o  a value of 0.01V. A second 

animal w a s  prepared and a circuit s imi la r  t o  the o r i g i n a l  w a s  implemented. 

an i n i t i a l l y  high reading the  vol tage a f t e r  10 days again dropped d ras t i ca l ly .  

His to logica l  examination of the excised t i s sues  following s a c r i f f c e  ind ica ted  t h a t  

the blood supply t o  the a f fec ted  region was severely impaired. Consequently, t h i s  

reginr!  r.ras abmdoned as a p o t e n t i a l  s i t e  f o r  e lectrode implantation. 

3. Ef fec t  of Electrode Size on E l e c t r i c  Output 

I n  general  i t  may be stated t h a t  the t o t a l  output i s  a funct ion of the ac t ive  

After 

surface a r e a  of the  electrode. 

ducted on rats and r abb i t s  using the HSS and PPB electrodes.  It w a s  found t h a t  

increas ing  the  s i z e  of the  subcutaneous electrode (the HSS) and maintaining the 

surface area of the  PPB a t  i t s  o r i g i n a l  value has  l i t t l e  o r  no e f f e c t  on the  out -  

put. 

and increas ing  the  size of the PPB electrode,  r e s u l t e d  i n  an increase i n  output.  

Increasing the surface of the  PPB o r  abdominal e lec t rode  only. Table IV, i l l u s -  

trates these data. 

To inves t iga te  t h i s  phenomenum s tud ie s  were con- 

However, revers ing t h i s ,  maintaining the HSS electrode a t  i t s  o r i g i n a l  value,  
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From these  reading i t  w a s  es tab l i shed  that  the e f f e c t  of e lec t rode  s i z e  on 

output i s  an  important one. 

the  vol tage  r e s u l t i n g  from a given load (resis tance)  impressed on the c i r c u i t  was  

A po la r i za t ion  study was made using a r abb i t  wherin 

determined. Three values  of r e s i s t ance  were selected,  10,00On, 50OOfi, and 

10001~. The r e s u l t s  a r e  shown on Table V and f i g u r e  4 ,  which p l o t s  the  r e s u l t s  

at  a loading of 10Kn. 

These r e s u l t s  i nd ica t e  tha t  outputs  subs t an t i a l ly  higher  than previously 

obtained may be achieved by the  simple expediency of increas ing  the  PPB e lec t rode  

surface a rea .  

diameter e lectrode.  

t o  only the  phys ica l  enlargement of a s ing le  PPB electrode.  

A value of over 300pwat t s  r e s u l t s  from an approximately 2-inch 

The method of increas ing  the  e lec t rode  a rea  i s  not r e s t r i c t e d  

The increased surface 

a r e a  may be obtained by assembling a number of wafers. 

i n  Table I V  a t  the  11.2 times increase  i n  PPB a r e a  r e s u l t s  from an e lec t rode  assem- 

The output value l i s t e d  

b ly  using four  rectangular  wafers each being approximately 1 c m  x 2 cm,  and spaced 

about 2 mi a p a r t  by a 1 x 2 c m  sponge. Figure 5 i s  a sketch i l l u s t r a t i n g  t h i s  

t echaque .  Examination of t he  r e s u l t s  of t h i s  geometry ind ica t e s  t ha t  the  output 

i s  not i n  l i n e  with the r e s t l l t s  cbtained from single enlarged I)% electmde.  

probable explanat ion is  because of the  narrow spacing between wafers. 

The 

This appar- 

e n t l y  r e su l t ed  i n  the  unava i l ab i l i t y  

the  react ion.  

of the  t o t a l  surface a rea  t o  cont r ibu te  t o  

4 .  Electrode I n t e r a c t i o n  with Host Animal 

a. Passive 

Electrodes of s t a i n l e s s  s t e e l  (type 310), chromium, N i  foam, high-speed s t e e l ,  

and manganese s t e e l  were implanted i n  the  subcutaneous regions of severa l  rats. 

A PPB e lec t rode  was implanted i n  the  i n t r a p e r i t i o n a l  c a v i t y  of each animal. A 

s i l i c o n  rubber (RTV) d i s c  was a l s o  implanted i n  the  subcutaneous region because 

t h i s  substance i s  used f o r  po t t i ng  the e l e c t r i c a l  c i r c u i t r y .  lhese m e t a l l i c  
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materials were se lec ted  because of t h e i r  performance i n  power production. 

These e lec t rodes  were not connected t o  a n  e l e c t r i c a l  c i r c u i t .  The main 

purpose of t h e  experiment w a s  t o  determine the e f f e c t  of the mater ia l  on the 

adjacent  t i s s u e  (foreign body react ions,  chemical react ions)  . 
After  80 days, the  rats were sacr i f iced  and the immediate implant a rea  was 

gross ly  examined f o r  t i s s u e  abnormalit ies.  

covered with h e a l t h l y  connective t i s sue .  

gross t i s s u e  anomalies were observed. 

In  a l l  cases ,  the e lec t rodes  w e r e  

This r e a c t i o n  i s  t o  be expected. No 

The m e t a l l i c  e lec t rodes  (with the following exceptions) showed no surface 

corrosion. A l l  maintained t h e i r  i n i t i a l  clean, br ight  appearance. Manganese 

s t e e l  and Ni-foam each ind ica ted  s l i g h t  surface discolorat ion,  i n d i c a t i v e  of a 

r e a c t i o n  occurr ing a t  the  surface. 

from f u r t h e r  consideration. The chromium had l o s t  i t s  br ightness ,  a l t h o  no over t  

reac t ion  could be detected.  To fu r the r  check t h i s ,  PPB and chromium electrode 

couple was implanted i n  the  abdominal cavi ty  and subcutaneously, respec t ive ly ,  

of a r abb i t  f o r  a d d i t i o n a l  ver i f ica t ion .  After 160 days the  animal w a s  s a c r i f i c e d  

and the  e lec t rodes  removed. The PPB which w a s  sutured t o  the p e r i t i o n a l  membrane 

w a s  examined and found t o  be completely encapsulated i n  mesentery which contained 

a good blood supply. The chromium electrode was  removed with a l l  surrounding 

t i s s u e  including some dermis. This electrode w a s  a l s o  encapulated i n  t i s sue .  

e lec t rode  w a s  excised, and i t  w a s  found that the  chromium w a s  badly oxidized and 

flaky. 

of the  chromate. 

As a r e s u l t ,  these mater ia l s  a r e  excluded 

The 

The discolored a rea  i n  the  surrounding t i s s u e  w a s  due t o  the  absorpt ion 

Based on t h i s  react ion,  chromiumhas a l s o  been excluded. 

b. Active 

A simple c i r c u i t  w a s  assembled and used f o r  test purposes during the long- 

term implants s tudies .  nis c i r c u i t  consisted of two e lec t rodes  with a 10K I 

r e s i s t a n c e  added SO t h a t  a constant power drain occurred. A p a i r  of leads, 
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i n i t i a l l y  platinum wire, then braided multi-stranded s t a i n l e s s  s t ee l  cable  

(.018", 7 x 3), nylon coated t o  0.032" diameter was  a t tached t o  t h e  c i rcu i t  and 

brought ou t  through the  sk in  so t h a t  electrical measurements (voltage readings) 

could be made. 

r e s i s t a n c e ,  with HSS/PPB electrodes.  

Figure 6 i s  a photograph of such a c i r c u i t  containing the  10K n 

Experiments were conducted i n  r a b b i t s  and dogs. I n i t i a l l y ,  fou r  implants 

were made i n  as many r abb i t s .  

HSS o r  chromium-subcutaneous. 

and vol tage readings were measured a t  two-day intervals. 

on Figure 7. These da ta  suggest t h a t  su f f i c i en t  power i s  produced t o  power a 

1 0 K ~  impedance transmitter f o r  t he  number of days shown. 

The mater ia ls  used were PPB-abdominal cav i ty ,  and 

The c i r c u i t s  were constructed as described above, 

These d a t a  are p l o t t e d  

The experiments were terminated i n  every case because of broken leads. 

This type of experiment was extended to two dogs. PPB and HSS e lec t rodes  

were used, each having a 10K r e s i s t o r  across them i n  p a r a l l e l  t o  fonn a c i r c u i t .  

These c i r c u i t s  were potted i n  s i l i c o n e  rubber p r i o r  t o  implantation. 

case the  PPB was  located i n  the  abdominal cavi ty  and the  HSS subcutaneously 

(Test 1). In  the  o t h e r  animal the  HSS electrode was separated from the  PPB elec- 

t rode by the  p e r i t i o n e a l  membrane ( T e s t  2),Figure 8. These tests w e r e  continued 

In t h e  one 

Cor a t o t a l  o f  62 days during which the  output w a s  measured r e g u l a r l y  ( T e s t  l), 

Figure 9. 

were made f o r  37 days, Figure 10. '!he animals were permitted the  re la t ive 

freedom of their  r e spec t ive  cages a f t e r  surgery. 

Test 2 had a t o t a l  implant t i m e  of 62 days and r egu la r  measurements 

The power output f o r  these tests averaged about 9 . 6 ) ~ ~  f o r  T e s t  1 and 13.7 

p w f o r  T e s t  2. 

and showed only  the  usual f i b rous  coat ing which i s  expected whenever a fo re ign  

body i s  implanted. 

of e lectr ic  power. 

The e l ec t rodes  were examined a f t e r  removal from the animals 

The coat ing did not appear to  g r e a t l y  r e t a r d  the  production 
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Comparison of the  output curves ind ica t e s  t h a t  a more uniform output w a s  

derived from t h e  animal t h a t  has  t h e  electrode posi t ioned on e i t h e r  s ide  

t h e  p e r i t i o n e a l  membrane, Figure 8b. 

Based upon these r e s u l t s ,  i t  appears j u s t i f i e d  i n  concluding t h a t  the  f i x i n g  

of t he  e l ec t rodes  by means of su tu res  i s  a l s o  important i n  obtaining a s t e a d i e r  

output and reducing poss ib l e  animal discomfiture. 

One f i n a l  long-term experiment w a s  conducted using a r abb i t .  The purpose 

of t h i s  t es t  w a s  two-fold: 

a) Check constancy of output as a r e s u l t  of sutur ing e l ec t rodes  i n  place 

b) Check output again as a funct ion of e lectrode (PPB) area inc rease  

To t h i s  end, a four-wafer PPB electrode as described previously was  made 

(See Figure 5) and s u r g i c a l l y  t i e d  t o  the  pe r i tonea l  sheath wi th in  the  p e r i t o n e a l  

cavi ty .  

internus.  A 10K r e s i s t ance  w a s  connected i n  p a r a l l e l  to  the  e l ec t rode  system, 

thus  causing a constant  power drain.  The leads were brought out a t  the  nape of 

t he  neck a f t e r  being threaded through a subcutaneous tunnel. A voltage reading 

w a s  taken approximately every three days. 

days and terminated by s a c r i f i c i n g  the animal a t  the  convenience f o  t h e  expe r i -  

menter. During the  t r i a l  period the  r a b b i t  was permitted the  re la t ive freedom of 

his cage and appeared t o  be completely normal following t h e  usual  post-operat ive 

recovery period (about 4 days). Figure 11 presents  t he  measured values  of v o l t s  

over t he  t r i a l  period. A s  can be seen, a f t e r  about 15 days, t he  output  became 

q u i t e  steady and continued i n  t h i s  manner throughout the  remainder of t h e  tes t .  

Actual vol tage f l u c t u a t i o n s  

The power output  under these .operating conditions (.49V (3 1OKaresistance) i s  

computed t o  be 2 4 p w a t t s  a t  .49pamps. 

The HSS electrode w a s  posit ioned between the  obliquus externus and obl iquus 

This experiment was continued f o r  128 

were about 0.01 v o l t s ,  varying from 0.49 t o  0.50. 
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Upon terminat ion of t h i s  experiment the e lec t rode  mater ia l s  were removed 

and examined f o r  surface d isco lora t ion  o r  other anomolies which might i n d i c a t e  

possible  i n t e r a c t i o n  with the host animal. No signs of such a c t i v i t y  were noted. 

Gross examination of the animal t i s sue  i n  the v i c i n i t y  of the electrode loc i  a l so  

r e s u l t e d  i n  negative findings.  

I V .  APP'LICATTON STUDIES 

a. Signal  Transmission 

Polar iza t ion  da ta  were accumulated and submitted t o  the  e l ec t ron ic  c i r c u i t r y  

design personnel i n  order  t ha t  miniaturized t ransmi t te rs  o s c i l l a t i n g  i n  the  mega- 

cycle  range be designed and constructed. 

follows: two c r y s t a l  control led,  one modulated c i r c u i t ,  the  remainder f r e e -  

running. Figure 12 shows the r e l a t i v e  size of the  modulated and free-running 

t r a n s m i t t e r s  a f t e r  po t t ing  i n  RTV s i l i cone  rubber. These t ransmi t te rs  requi re  

an imput of 0.17 v o l t s  t o  o s c i l l a t e .  

A t o t a l  of s i x  u n i t s  w e r e  received as 

l h e  modulated un i t  requi res  0.23V. 

D i f f i c u l t i e s  arose as the r e s u l t  of shorts  occurring a t  the electrode 

junc t ion  on the  t ransmi t te r  because the pot t ing mater ia l  would not adhere. Hence 

no long-term experiments were conducted. 

However, e x t e r n a l l y  used, the modulated t r a n s m i t t e r  performed w e l l .  An 

eight-hour experiment w a s  successful ly  concluded wherin a surg ica l  needle w a s  

used t o  p ie rce  the sk in  i n  the sternum of a rat ,  over the h e a r t ,  and a hard 

wire lead was  connected between the needle and the proper connection on the 

t ransmi t te r .  I n  t h i s  manner a loud, c l e a r  audible hear t -beat  s igna l  w a s  received 

on a connnercial band r a t i o  receiver  at a wave length of 4.8 mc. 

11 



V. CONCLUSIONS 

The experiments conducted t o  da t e  have f i rmly  e s t ab l i shed  the  f e a s i b i l i t y  

of t h e  u t i l i z a t i o n  of the  b i o e l e c t r i c  po ten t i a l s  as a primary energy source. 

Several  combinations of ma te r i a l s  have proven t o  be benign with respect  t o  

i n t e r a c t i n g  wi th  the  t i s s u e s  found w i t h i n  the hos t  animal. Of these i t  i s  

concluded t h a t  the  optimum electrode i s  one composed of an electrode made of 

high speed s teel  and t h e  o the r  platinum-platinum black. This system has demon- 

s t r a t e d  i t s  c a p a b i l i t y  of operat ing under a 10Kfiload i n  an  unrestrained animal 

a t  an output of 0.49V +, .01 f o r  128 days. 

Should a higher output be desirable ,  conclusive s t u d i e s  have demonstrated 

that increas ing  the area of the  PPB electrode r e s u l t s  i n  an increased output. 

It is  f u r t h e r  concluded t h a t  t he  peritoneum c a v i t y  appears t o  be t h e  optimum 

anatomical locus wherein the  electrodes a r e  placed on e i t h e r  s i d e  of t he  per toneal  

membrane with the  PPB dorsad and the  HSS ventrad. 

Based on preliminary exploratory-type studies, i t  i s  f u r t h e r  concluded t h a t  

t h i s  system of implanted electrodes has  the c a p a b i l i t y  of powering s p e c i a l l y  

designed transmitters having a modulated circuit such t h a t  a physiological  para- 

meter, i.e. h e a r t  bea t ,  may be t ransmit ted d i r e c t l y  from the  implanted animal t o  

a r ad io  receiver properly tuned t o  the t r ansmi t t e r  frequency. 
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TABLE I 

Pa r t  1 

Output a s  a Function of Electrode Material 

O u t p u t  u n d e r  L o a d  
Electrode Material Resistance 

Subcutaneous Abdominal OCV Ohms V P a  p w  

White gold PPb .35 1 OK .03 3.0 0.09 

Molybdenum 

Bone plate 

Lead 

Antimony 

Brass  

Silver amal. 

Silver 

inc one1 

Platinite 

Titanium 

PPb 

PPb 

PPb 

PPb 

PPb 

PPb 

PPb 

PFb 

PPb 

PPb 

.40 

.35 

.74 

.65 

.46 

> 1.00 

.25 

.33 

.45 

.27 

1 OK 

1 OK 

1 OK 

1 OK 

1 OK 

1 OK 

1K 

:K 

1K 

1 OK 

25 

.22 

.42 

.40 

.23 

.43 

.06 

.08 

.08 

. 06 

25.0 

22.0 

42.0 

40.0 

23.0 

43.0 

60.0 

80.0 

80.0 

6.0 

6.25 

4.84 

17.6 

16.0 

5.25 

18.5 

3.6 

6.4 

6.4 

0.36 

Hafnium PPb < .35 Erra t ic  - dropping potential 

Silver/lead amal PPb .83 1 OK .32 32.0 10.24 

Lead amal PPb .69 1 OK .37 37.0 13.69 

Hi-speed steel  PPb .69 1 OK .54 54.0 29.2 

Carbon PPb .28 1 OK .23 23.0 5 

Mu-metal PPb 1K .33 330 110 
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TABLE I 

Par t  2 

Output as  a Function of Electrode Material 

O u t p u t  u n d e r  L o a d  
Electrode Material R e s  is tanc e 

Subcutaneous Abdominal ocv Ohms V p a  I l W  

C r  

Ag -amal 

sb 

Hf 

Ag -amal 

Hf 

None 

Hf-Ag amal 

Pt-10% Rh 

P t  

Ag -amal 

C r  

Ag -amal 

Ag -amal 

Hf 

None 

Hf 

None 

PPb 

PPb 

.40  

.30 

.34  

.43  

.40  

.12 

.20 

. 47  

.30 

.12 

Pt - 10% Rh PPB-DECO .25  

Pt PPb-DECO .06  

P t  Pt-10% Rh . 10  

1 OK 

1 OK 

1 OK 

1 OK 

1 OK 

1 OK 

1 OK 

1 OK 

2.4K 

.5K 

20K 

20K 

4 K  

. 2 1  

. 15  

.17  

.05  

.06  

- 
- 

.06  

, 1 2  

. 0 1  

.22 

.02 

. O l  

21.0 

15.0 

17.0 

5.0 

6.0 

- 
- 

6.0 

50 

20 

11 

1 

2.5 

4.41 

2.25 

2.89 

0.25 

0.36 

- 
- 

0.36 

6.0 

.2 

2.4  

.02 

.02t 
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TABLE I 

P a r t  3 

Output as  a Function of Electrode Material 

O u t p u t  u n d e r  L o a d  
Electrode Material Resistance 

Subcutaneous Abdominal OCV Ohms V La  u w  

Manganese steel  PPb 

Monel PPb 

Platinite PPb 

Brom.Hi-T alloy PPb 

Ag PPb 

PPb Ta . 44 
Ta PPb . 42 
SS 310 PPb . 26 
Hastaloy PPb 0 39 

Stainles ,(a) @) P P b a E C O  .68 

Stainless PPb-DECO .74 

Stainless PPb .63 

Nickel & Alloy PPb-DECO .46 

Stainless PPb .29 

Ni Foam PPb .58 

Ni  Plate PPb .46 

Ni Foam PPb 

Ni Plate PPb 

PPb Ni  Plate .24 

. 5K 
5K 

1K 

1K 

1K 

1 OK 

1 OK 

1K 

1 OK 

. 5K 
1K 

1K 

1.75K 

1 OK 

1K 

1K 

1 OK 

1 OK 

1K 

.34 

.28 

.08 

. 07 

. 06 

.13 

.34 

. 07 

.10 

. 24 

. 22 

-28 

. 30 

.06 

.16 

.14 

.27 

.20 

. 11 

680 

56 

80 

70 

60 

13 

34 

65 

100 

48 0 

220 

280 

170 

6 

155 

140 

22 

20 

110 

231 

15.7 

6.5 

4.9 

3.6 

1.7 

11.6 

4.2 

10 

115 

48 

78 

51 

4 

24 

19.6 

4.8 

4.0 

12 
a )  Artery clamp 
b)  G.E. Co., Direct Energy Conversion Operation, Lynn, Mass. 
c )  Five-cent piece 
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T A B L E  I1 

M a t e r i a l  Composition 

P e r c e n t  C o m p o s i t i o n  
E l e c t r o d e  
M a t  e r ial Fe Ni C r  c u  c o  Mn W V Si C 

1. 

1. 

3.  

4. 

5 .  

6 .  

7. 

B. 

Monel Meta l  

Manganese  Steel 

High-speed steel 

Platini t e 

B r a m  Hi-Temp. 
Alloy 

S.S. Bone  Plate 

Gold ( P u r e )  

S i lver  ( P u r e )  

6.5 60.0 

86.0 - 
75.0 ... 
53.85 46.0 

53.67 24.6 

63.67 12.0 

99.99 

99.99 

0 

0 

6.0 

- 
18.8 

18.5 .. - 2.0 

- 0 

18.0 0.3 

0 - 
- - 

(Mo 3-0) 

0.5 

1.0 

- 0.7 

" 0.15 

2.5 0.43 

0.75 .08 
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TABLE I11 a 

Power  Output Obtained f r o m  a Single Anatomical  Locus 

(Both e lec t rodes  subcutaneous) 

O u t p u t  u n d e r  L o a d  
E lec t rode  Res is tance  
Mate r i a l  ocv ohms V p a  p w  

HSS - P P b  1 OK 32 32 10.6 

Manganese S tee l -PPb 1 OK 38 38 14.4 

Monel - P P b  1K .10 100 10.0 

Ni F o a m  - P P b  .51  5.6K .28  60 14.0 

P P b  - P P b  06 - - - - 
Ag - P P b  .21  2.5K .10 40 4.0 

Hastaloy - P P b  .25 9.5K . 1 4  15 2.1 
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TABLE IIIb 

Power Output Obtained from a Single Anatomical Locus 

(Both electrodes abdominal cavity) 

O u t p u t  u n d e r  L o a d  
Electrode Res is tanc e 
Material ocv Ohms v P a  P W  

HSS - PPb 1 OK . 35 35 12.2 

Manganese steel - PPb 1 OK .40  40 16.0 

Monel - PPb 1 OK .26  26  6 .7  

Platinite - PPb 1K .08 80 6.5 

Ag - PPb 1K - 0 6  60  3.6 

Ag - PPb .22 2.6K - 0 9  3 4  3.1 

NiFoam -PPb .31 2.2K 011 50  5.5 

PPb - PPb - 2 4  3.8K .19 50  9.5 

Hastaloy - PPb .30  1.9K .14 
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TABLE I V  

Output V s  Electrode Area 

Pt -Pt -B1 
Surface Area 

Surface Area, Cm2 

Voltage Amps Watts (Power) 
at  a t  at 

PPB 

Cm2 

1.5 (lx) 

12.0 (8x) 

20.5 ( 1 4 ~ )  

1.5 (std) 

8.3 

12.0 

16.8* 

20.5 

8.3 

1.5 

10K 5K 1K 10K 5K 1K 10K 5K 

0.46 0.19 0.06 46 38 60 21.2 7.2 

0.70 0.65 0.46 70 130 460 49 84 

0.76 0.725 0.555 76 145 555 57.8 103 

HSS 

2.0 ( s t d )  

2.0 

2.0 

2.0 

2.0 

4.0 

14.0 

Approx. area 

Mu 1 t i p  l e  

PPB/HSS 

lx/  lx  

5.5x/lx 

8x/ lx 

1 1.2x/ Ix 

14x/ lx 

5.5x/2x 

lx/ 7x 

Volts 

@ 

10K 

0.54 

0.64 

0.63 

0.49 

0.68 

0.63 

0.51 

Power 

wat ts  (3 

10K 

29.1 

40.96 

39.7 

24.0 

46.2 

39.7 

26.0 

Wu 1 t i  -wafer e lec t r o  de as semb 1 y 

TABLE V 

Polar izat ion Data 

dermis 
between 
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Figure 1. Early Experiment - R a t  Powered Osc i l la tor  
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Figure 3. Rabbit Circuit Implantation 
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Hi Speed Stee 

Leads 

10 K nresistor 

Platinum- Platinum Black 
Wafer Electrode 

Platinum- Platinum 
Black Wafer # 

Spongespacers 

Figure 5. Sketch of Wafer PPb - HSS Circuit 
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I 4- LEADS 

ABDOMINAL CAVITY 

a. STANDARD LOCATION OF ELECTRODES 

- PERITONEAL 
MEMBRANE 

ABDOMINAL CAVITY 

b. ELECTRODES SEPARATED BY PERITONEAL MEMBRANES 

Figure 8 . Schematic Sketch Showing Electrode Positioning 
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